To intimately combine a chelating ligand function with the numerous properties of a viologen-like redoxactive centre would offer a rare possibility to design controllable multi-redox states, whose properties arise from strongly correlated phenomena between the organic ligand as well as with any metalloid coordinated centres. Such a concept previously proved to be feasible, however is not widely applicable owing to challenges in terms of synthesis, isolation, and aerial sensitivity of both the ligand and its metal 
To intimately combine a chelating ligand function with the numerous properties of a viologen-like redoxactive centre would offer a rare possibility to design controllable multi-redox states, whose properties arise from strongly correlated phenomena between the organic ligand as well as with any metalloid coordinated centres. Such a concept previously proved to be feasible, however is not widely applicable owing to challenges in terms of synthesis, isolation, and aerial sensitivity of both the ligand and its metal complexes. Here we report the first stable example of such a redox-active molecule, N,N 0 -dimethyl-3,3 0 -biquinoxalinium 2+/ c +/0 "methylbiquinoxen, MBqn
Introduction
Organic molecules with multiple oxidation levels accessed by electro-, photo-, or chemical means are of extreme importance in many biological, chemical and physical processes. [1] [2] [3] [4] [5] [6] Among these, viologens, or N,N 0 -disubstitued-4,4 0 -bipyridinium (V  2+ ) species, have attracted most attention over the last 80 years. Acting as strong electron-acceptors, viologens undergo two reversible one electron reduction steps leading to a radical cation intermediate (Vc + ) and neutral form (V 0 ).
7,8
The interest in viologen derivatives is motivated, amongst other things, by the ease of synthesis and tunability, the high degree of control concerning their reversible oxidation-reduction process, the range of colours from colourless (V 2+ ) to dark green/blue/purple (Vc + ), the paramagnetic nature of Vc + , and their strong structural templating effects (V   2+   ) . 9 These possibilities have led to their incorporation in a range of donoracceptor complexes developed for various applications such as photo-and electrochromic displays, 10,11 charge accumulation, 12, 13 uorescence, 14,15 supramolecular host-guest complexes and molecular machines 4, 16 as well as ferroelectrics.
17
Research on viologens is mainly focused on two aspects. The rst of these is the diversication of their properties achieved through incorporation of additional functions. The second aims to improve their longevity, in particular through improving the chemical and air stability of the radical intermediates. In this context, Kaim's group have replaced some carbon atoms with nitrogen atoms within the aromatic heterocycles, leading to a new type of redox-active ligand that intimately combines a viologen-like centre with the chelating function of 2,2 0 -bipyridine. [18] [19] [20] Despite an improved p-electron deciency and an interesting coordination function that provides strong electronic coupling between the coordinated site (typically a metal ion) and the organic redox centre, synthetic challenges and persistent chemical and air instability, render these conceptually interesting molecules currently not useful for applications.
In the context of the potential for radical-based systems and the challenges to be addressed, we report here on the synthesis and characterization of a new stable reversible organic redoxactive chelating ligand N,N 0 -dimethyl-3,3 0 -biquinoxalinium (MBqn 2+ , 1 2+ , Fig. 1 -grey 
Results and discussion

Synthetic procedures
General procedure for synthesis of compounds [ 
What we observe is that for 1 2+ the geometry is exactly planar trans, whereas for
In the dication 1 2+ , constituted of two equivalent MQ + moieties, the structure reveals an aromatic p-conjugated system. The average C-C bond length in the benzene ring [1.392(3)Å] corresponds to the intermediate C-C distance of 1.39-1.40Å observed in a benzene molecule with electron delocalization. 22 In the pyrazinium moiety, the aromaticity is conrmed by the values of the C-C and C-N bond distances, in the range 1.410(2)-1.416(2)Å and 1.311(2)-1.383(2)Å respectively, that are comparable to those found in the literature. 23 The pyrazinium structure is particularly clear on the 1,2,3,4 atomic positions, as shown by the two shortest distances N 1 -C 2 (for details see Experimental section in ESI †). For both compounds geometrical parameters were fully optimized in the gas phase at the PBE0/def2-TZVPP level of theory (Tables S4, S5 and S8 †), the PBE0 hybrid functional being known to provide the best estimates for such p-conjugated systems. 25, 26 The calculated bond lengths t well with the experimental data with mean absolute errors (MAE) of 0.0068Å (1 2+ ) and 0.0071Å As previously stated by A. di Matteo, "a reduction process increasing or decreasing the electron population, in the bonding or antibonding regions, strengthens or weakens the bonds, which become signicantly shorter or longer". 25 Here, by populating the LUMO of 1 2+ (reduction process), a decrease and increase of the bond length is expected between atoms with bonding and antibonding characteristics respectively. This effect will be even more obvious between atoms where the HOMO and LUMO orbitals exhibit the opposite bonding and antibonding features. Thus focusing on the bipyrazinium core, the experimental parameters clearly show that the chemical reduction of 1 2+ will lead to a shortening of the C 2 -C 3 (C 29 The g-value is similar to those reported for phosphine-based cation radicals, [30] [31] [32] but is slightly higher compared to the methylviologen radical cation (g $ 2.003). 7, 8, 33 This is consistent with the extra heteroatom in the six-membered ring hosting the unpaired spin. Consequently, the 14 N hyperne coupling is larger than for the archetypal viologens. The absence of additional hyperne structure from coupling to the methyl and aromatic protons of the organic radical conrms these couplings are less than the isotopic linewidth $2 Â 10 À4 cm
À1
, which is invariant irrespective of the measurement temperature. Nevertheless this does not show conclusively whether the paramagnetic species is an impurity or not.
Cyclic voltammetry (CV) (Fig. 6a) . In order to gain further insights into the redox process leading to the formation of the paramagnetic species, CV measurements were performed. Furthermore, these were done quantitatively by using the wellknown ferrocene/ferrocenium system as internal reference. ](BF 4 ) 2 ( Fig. 1 -purple) ). The deconvolution of the CV allows us to circumvent diffusion problems and to conclude that there is a single-electronic process by comparing with the current peak of the ferrocene/ ferrocenium system. This rules out the presence of any impurity and points to the oxidation of the doubly reduced monoprotonated cation [1 0 -H + ]BF 4 to give the doublet radical. Furthermore, the voltage separation between current peaks of ca. 200 mV is signicantly higher than the theoretical value of 59 mV. This is in line with a redox process inducing a signicant structural rearrangement such as a trans-cis isomerization. Fig. 1 -purple) was measured on a polycrystalline sample over the 4-380 K temperature range under an applied dc eld of 1 T. As shown in Fig. S10 under inert atmosphere exhibit a very strong diamagnetism at À5000 Â 10 À6 cm 3 mol À1 , even aer correcting with the expected diamagnetic contribution calculated from Pascal constants. Given that we were expecting to see a paramagnetic signature, which would be expected for isolated paramagnetic species, this behaviour suggests the presence of superdiamagnetism. This has been previously observed in 3D inorganic compounds and was coined superdiamagnetism, in an obvious reference to the Meissner effect and the perfect diamagnetism observed in superconductors. 38, 39 More recently superdiamagnetism was induced at low temperatures by the application of a magnetic eld in a one-dimensional Pt II complex. 40 To the best of our knowledge this has never been observed in a purely organic based compound. In our case the diamagnetic susceptibility reaches 6% of the 1/4p value expected for complete diamagnetism. This unexpected superdiamagnetism was conrmed using the Evans are in line with the SQUID measurement, though the effect seems much weaker in DMSO. This allows us to conclude from the CV, EPR, SQUID and NMR results that a single radical intermediate species is present in solution. Due to the perfect planarity of the molecule (no steric hindrance) and the fact that the spin density is located in porbitals, the apparent superdiamagnetic behaviour of such a radical in solution could be tentatively explained from the formation of extended stacks of radicals, in analogy to the unidimensional Pt II complex. isomerises through the addition of an electron to give the cisradical cation (1c + ). Secondly, this cis-radical cation is formed and further protonated to give the cis-protonated radical cation (1c
In order to investigate this, additional spectroelectrochemical (SE), UV-Vis-NIR and TDDFT experiments were performed. The purpose was to identify a possible structure/ optical signature relationship for the three different redox states. Optical spectra have been computed using TDDFT at the PBE0/def2-TZVPP level of theory in a closed shell ( (Fig. 6(b and b  0 ) ). Known to be a powerful tool for analysing the spectral signature of involved species during an electrochemical process, time resolved spectroelectrochemical experiments (SE) were performed, using the already described home-made cell, 49-51 between 350 and 900 nm on dissolved 1 2+ (Fig. 1 -grey) and 1 0 -H + (Fig. 1 -purple) (0.5 mM in 0.1 M TBAPF 6 /DMF), in order to correlate the changes in their spectra during reduction and oxidation processes. In Fig. 6(b exhibits no absorption in the visible region (Fig. 6b) , which is conrmed from the UV-Vis spectrum with the lowest energy absorption band slightly shied compared with the solid state spectrum at l max ¼ 360 nm (Fig. 6c2) . Solid state UV-Vis-NIR optical properties of the doubly reduced monoprotonated cation 1 0 -H + . Crystals of [1 0 -H + ]BF 4 are deep purple and absorb across the whole UV-Vis range and well into the near-infrared. There are broad absorption bands centred at 270, 350, 570, 820, and 1000 nm (shoulder z1300 nm) (Fig. 6c4) . The TDDFT spectrum of 1 0 -H + matches perfectly with the electronic transitions observed experimentally in the range 200-950 nm, with l max z 820 nm corresponding to the HOMO / LUMO transitions (Table S10 †). Analogous to the behaviour of the methylviologen radical cation either in solution or in the solid state, 7,8 the additional transition present at lower energy is most probably explained due to the formation of extended stacks of 1 0 -H + species in the solid. This is actually conrmed by the crystal packing which shows an innite 1D stack of dimers of 1 0 -H + (Fig. S8 †) .
Solution state UV-Vis-NIR optical properties of the doublet radical. In the electronic spectrum in solution for a concentration of z 2.4 Â 10 À4 M the formation of the doublet radical redox state is accompanied by a colour change from the deep purple of the solid to blue with absorption bands centred at 430, 470, 580, 820 and 920 nm (shoulder z1100 nm) in the Vis-NIR region (Fig. 6c1) . The SE spectrum of the intermediate radical species looks very similar, although the position of the bands is slightly shied to higher energy by ca. 40 nm (0.2 eV) (Fig. 6b) .
To investigate the two previously proposed hypothesis, namely (a) the species in solution is a cis-radical cation 1c + or (b) the species in solution is the cis-protonated radical dication 1c + -H + , two different TDDFT spectra were simulated from fully optimized geometries (Tables S12 and S13 †) . The TDDFT spectrum corresponding to hypothesis (a) cis-1c + is shown with green lines in Fig. 6c1 . This is clearly different from the experimental spectrum in that it exhibits a single broad transition at l max ¼ 1200 nm and no transitions between 500 and 1100 nm. The TDDFT spectrum corresponding to hypothesis (b) cis1c + -H + is shown with violet lines in Fig. 6c1 . The main electronic transitions observed experimentally in the range 400 to 850 nm in the SE spectrum are perfectly reproduced theoretically. The lowest energy band l max ¼ 820 nm corresponds to the a SOMO / a LUMO transition (Fig. 6c1 , Table S13 †).
This leads us to conclude that the radical intermediate species present in solution is intrinsically composed of the cisprotonated radical dication 1c + -H + ( Fig. 1 -blue) . Furthermore the formation of extended stacks of radicals 1c
substantiated by the presence of an additional band at lower energy (l ¼ 920 nm, Fig. 6c1 ), analogous to the low energy bands observed in aggregated viologens in solution.
7,8
We also note that although at a rst glance the spectra of 1c + -H + (Fig. 6c1) We provide a rst example of a metal complex [CdCl 2 (1 0 )] which illustrates the ability of such a ligand to chelate metal ions (Fig. 7) . This proves that the neutral direduced species 1 0 can be obtained without being protonated unlike in the case of 1 0 -H + , which reinforces the suggestion that the additional proton on N 0 2 is labile in solution. In addition, the crystals obtained are air stable, which is important for the further development of robust compounds.
The fact that we were unable to isolate a pure phase of the cadmium complex precluded further characterization. Nevertheless, the reliable crystallographic dataset obtained for this compound has been used as a reference structure for further studies, especially regarding the investigation of the neutral direduced methylbiquinoxen 1 0 and its electronic structure. (Table S14 †) .
However, the ground state shows a signicant spin contamination. The analysis of the natural orbitals shows that there is a pair of partly occupied orbitals, one with bonding character between C 3 and C 0 3 , the other antibonding with occupation numbers of 1.5 and 0.5, respectively, showing partial occupation of the LUMO (Fig. S14 †) . In addition, the spin density (Fig. S15 †) (Fig. S16 †) . By denition, nonKekulé means a molecule which is "fully conjugated, but each of whose Kekulé structures contains at least two atoms that are not p-bonded". 55, 56 Furthermore, the DE ST gap can apparently be signicantly reduced by simply twisting the molecule (DE ST ¼ f(f) Fig. 7 ), thus giving a means to thermally access the triplet state.
Conclusions and Outlook
As is already known for viologens, the reversible and controllable structural, electronic, and electrostatic changes between the dication and radical species formed in solution invest the MBqn 2+/ c + redox couple with electron mediation properties.
This should be useful for many radical-assisted reactions (photocatalytic H 2 production, C-C bond cleavage, articial photosynthesis, electrolyte, electrochromism etc.).
7,57,58
Surprisingly, chelation to a cadmium centre allowed us to access the direduced solid state biradicaloid species MBqn 0 as ligand. Additionally, as expected for such a biradicaloid species, the calculated small singlet to triplet energy gap opens perspectives for a range of exotic electronic, optical, magnetic, dielectric etc. properties within a single system composed of purely organic moieties or incorporating metalloid centres.
Intriguingly, the superdiamagnetic behaviour observed for the doublet radical species in solution is such an unexpected property for an organic molecule that this demands further investigation.
